FAP48 was identified and cloned thanks to its interaction with FK506-binding proteins (FKBPs) such as FKBP52 and FKBP12, which belong to the large family of immunophilins that bind the macrolide immunosuppressant drugs FK506 and rapamycin. We have previously shown that FAP48 -FKBP complexes are dissociated by FK506 and rapamycin, suggesting that FAP48 is an endogenous ligand of FKBP. The present work describes the biochemical consequences of FAP48 overexpression, induced by the tetracycline analogue doxycycline, in an established cell line derived from Jurkat T cells. We report that overexpression of FAP48 results in the inhibition of cellular proliferation as does the exposure of Jurkat T cells to FK506. We also show that the expression levels of argininosuccinate synthetase and the Myc antagonist Mxi1 are modified by overexpression of FAP48, suggesting that these proteins could be good candidates to mediate the antiproliferative effect of FAP48. FAP48 affects neither the calcineurin-dependent nuclear factor of activated T cells (NFAT)1 nor JNK͞p38-dependent pathways that mediate immunosuppression by FK506. However, contrary to FK506, which blocks IL2 synthesis, we observed that FAP48 -FKBP complexes increase IL2 production, thus revealing a previously uncharacterized aspect of the immunosuppressive mechanism of FK506. The main cytoplasmic FKBP isoform is FKBP12, which, in a complex with FK506, binds to and inhibits the phosphatase calcineurin (4-6). Subsequently, dephosphorylation and nuclear translocation of nuclear factor of activated T cells (NFAT)1 can no longer occur, leading to the inhibition of the transcription of the IL2 gene, IL2 being the major growth factor for T cells (reviewed in ref. 7). In addition, a recent report has demonstrated that immunophilin-FK506 complexes block the JNK and p38 mitogen-activated protein kinases (MAPKs) during T cell activation and also inhibit IL2 synthesis via these pathways (8). The authors showed that direct inhibitors of calcineurin activity had no effect on JNK and p38 activation, suggesting that FK506 leads to immunosuppression via calcineurin-dependent as well as calcineurin-independent pathways.
FAP48 was identified and cloned thanks to its interaction with FK506-binding proteins (FKBPs) such as FKBP52 and FKBP12, which belong to the large family of immunophilins that bind the macrolide immunosuppressant drugs FK506 and rapamycin. We have previously shown that FAP48 -FKBP complexes are dissociated by FK506 and rapamycin, suggesting that FAP48 is an endogenous ligand of FKBP. The present work describes the biochemical consequences of FAP48 overexpression, induced by the tetracycline analogue doxycycline, in an established cell line derived from Jurkat T cells. We report that overexpression of FAP48 results in the inhibition of cellular proliferation as does the exposure of Jurkat T cells to FK506. We also show that the expression levels of argininosuccinate synthetase and the Myc antagonist Mxi1 are modified by overexpression of FAP48, suggesting that these proteins could be good candidates to mediate the antiproliferative effect of FAP48. FAP48 affects neither the calcineurin-dependent nuclear factor of activated T cells (NFAT)1 nor JNK͞p38-dependent pathways that mediate immunosuppression by FK506. However, contrary to FK506, which blocks IL2 synthesis, we observed that FAP48 -FKBP complexes increase IL2 production, thus revealing a previously uncharacterized aspect of the immunosuppressive mechanism of FK506.
T he pharmacological actions of immunosuppressant drugs such as FK506 and rapamycin are mediated in the cell by intracellular proteins named FK506-binding proteins (FKBPs) belonging to the immunophilin family (reviewed in refs. [1] [2] [3] .
The main cytoplasmic FKBP isoform is FKBP12, which, in a complex with FK506, binds to and inhibits the phosphatase calcineurin (4) (5) (6) . Subsequently, dephosphorylation and nuclear translocation of nuclear factor of activated T cells (NFAT)1 can no longer occur, leading to the inhibition of the transcription of the IL2 gene, IL2 being the major growth factor for T cells (reviewed in ref. 7) . In addition, a recent report has demonstrated that immunophilin-FK506 complexes block the JNK and p38 mitogen-activated protein kinases (MAPKs) during T cell activation and also inhibit IL2 synthesis via these pathways (8) . The authors showed that direct inhibitors of calcineurin activity had no effect on JNK and p38 activation, suggesting that FK506 leads to immunosuppression via calcineurin-dependent as well as calcineurin-independent pathways.
FKBP52 is another member of the FKBP family that was originally found associated with heat shock protein with a molecular mass of 90 kDa (HSP90) in the heterooligomeric forms of steroid receptor complexes (9, 10) . FKBP52 displays a modular organization (11) (12) (13) and only the NH 2 -terminal part of the protein is responsible for the immunophilin character of the whole protein; it binds FK506 and rapamycin and displays a peptidylprolyl isomerase function characteristic of the immunophilin family (14) . Although this NH 2 -terminal part shares high structural and functional homologies with FKBP12, it does not inhibit the phosphatase activity of calcineurin, in contrast with FKBP12 (15) (16) (17) .
We isolated and cloned FAP48 (FKBP-associated protein with a molecular mass of 48 kDa) from Jurkat T cells, as a specific ligand of FKBP52 as well as of FKBP12 (18). FAP48 does not have any homologies with already known proteins except with its splice variant FAP68 (19) .
With the biological role of FAP48 as well as the physiological significance of the FAP48-FKBP interaction remaining to be elucidated, we stably overexpressed FAP48 in Jurkat T cells by using the tet-on system (20) and studied the biochemical consequences of FAP48 overexpression with regard to its interaction with FKBP. We show that FAP48 binds endogenous FKBP52 in Jurkat T cells and that, in contrast with FK506, which inhibits the synthesis of IL2, overexpression of FAP48 results in a significant increase of IL2 secretion. Furthermore, we demonstrate that FAP48, like FK506, inhibits the proliferation of Jurkat T cells and we identify two proteins as molecular targets of FAP48. First, argininosuccinate synthetase (ASS), which functions in the urea cycle to produce arginine, is down-regulated (reviewed in ref. 21) , and second, Max interactor 1 (Mxi1), an antagonist of the oncogene Myc (reviewed in ref. 22) , which is up-regulated. We discuss the potential implication of these two proteins in the biological effects observed on overexpression of FAP48.
Experimental Procedures
Antibodies and Reagents. The following antibodies were used. The anti-FAP48 polyclonal antibody (pAb) 766 was generated from a peptide localized at the COOH-terminal part of the coding sequence of human FAP48 (amino acids 400-417) and encompassed six amino acids common for the two isoforms FAP48͞FAP68. Anti-FKBP52 mAb EC1 and anti-FKBP52 pAB173 were described (12, 23) . Anti-6-His mAb was from CLONTECH, anti-FKBP12 pAb was from Affinity Bioreagents (Golden, CO), anticalcineurin͞PP2B␤ was from Upstate Biotechnology (Lake Placid, NY), anti-ACTIVE p38 pAb and anti-ACTIVE JNK pAb were both from Promega, anti-ASS mAb and anti-Mxi1 mAb were both from Becton Dickinson, anti-HSP70 was from StressGen Biotechnologies (Victoria, BC, Canada), and anti-NFAT pAb 67.1 was generously provided by A. Rao (Harvard Medical School, Boston). Doxycycline was from CLONTECH, FK506 was from Fujisawa Pharmaceutical (Osaka), and rapamycin was from Wyeth Ayerst Laboratories (Marietta, PA). Phorbol 12-myristate 13-acetate (PMA) was purchased from Biomol and ionomycin was purchased from Calbiochem. FAP48 and was checked by sequencing. Subsequently, the insert including full-length FAP48 with the six His residues as a tag was subcloned into the EcoRI͞NotI restriction sites of pGADGE (gift of J. Camonis, INSERM, Unité 528) and tested for its ability to interact with FKBP52 and FKBP12 in the yeast two-hybrid system. The same insert was then introduced into the BamHI͞NotI restriction sites of pTRE2 vector (CLONTECH) to give pTRE2-His-FAP48.
Cell Line and Stable DNA Transfection. The Jurkat tet-on cell line (CLONTECH) was maintained in RPMI medium 1640 supplemented with 10% Tet System Approved FBS (CLONTECH), 100 g͞ml G418, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 100 g͞ml gentamicin. Transfection of 100 g of pTRE2-His-FAP48 plasmid and 10 g of pTK-hygromycin plasmid was carried out by electroporation of 2 ϫ 10 7 cells with settings at 960 F and 200 V. Stably transfected cells were selected with 100 g͞ml hygromycin and individually screened for high tetracycline inducibility by Western blotting with the anti-FAP48 pAb 766.
Coimmunoprecipitation. Cells were washed in PBS and lysed in 50 mM Tris (pH 7.5)͞150 mM NaCl͞2 mM CaCl 2 ͞2 mM MgSO 4 ͞ 10% glycerol͞0.1% Brij97 (Sigma)͞protease inhibitors͞ Pefabloc. Protein concentrations were adjusted to 1 mg or 0.5 mg total protein in 200 l, and coimmunoprecipitations were carried out by adding either 5 l of anti-His mAb or 1 g of EC1 for 1 h on ice. FK506 or rapamycin vs. ethanol as control was added during the precipitation. After separation of bound proteins on 10% SDS gels or 4 -12% NuPAGE [bis(2-hydroxyethyl)-imino]tris(hydroxymethyl)methane (Bistris) gels in Mops͞SDS running buffer (NOVEX), proteins were detected with the indicated antibodies and visualized by enhanced chemiluminescence.
NFAT1 Activation Status.
To induce the dephosphorylation of NFAT1, cells were stimulated for 15 min with 1 g͞ml ionomycin at 37°C and were washed in cold PBS containing 400 M Na 3 VO 4 , 10 mM NaF, and 5 mM EDTA and lysed in 50 mM Tris (pH 7.5) containing 1 mM Na 3 VO 4 , 10 mM NaF, and 2% SDS. Phosphorylated and dephosphorylated NFAT1 were detected by Western blotting with the anti-NFAT antiserum 67.1 (24) . Cell suspensions were preincubated with 100 nM FK506 for 30 min at 37°C. p38 and JNK Activation Assays. Daisy cells, either untreated or induced with doxycycline, were stimulated with 50 ng͞ml PMA and 1 g͞ml ionomycin for 15 min at 37°C then washed, lysed, and prepared for SDS͞PAGE as described previously. p38 and JNK were detected by Western blotting.
IL2 Assays. Daisy and Jurkat tet-on cells were treated with 0.5 g͞ml doxycycline for the indicated period and then synchronized at the G 0 -G 1 phase of the cell cycle overnight in medium containing 0.5% FCS (25) . The following day, they were washed, adjusted to 2 ϫ 10 6 cells per ml, and stimulated with 50 ng͞ml PMA and 1 g͞ml ionomycin for 24 h in medium without doxycycline and hygromycin. In some experiments, rapamycin was added during the stimulation at the indicated concentrations. The supernatants were collected, and IL2 was measured with the Quantikine Human IL2 kit from R & D Systems by following the manufacturer's instructions. Data are given as the percentage of IL2 concentration from doxycycline-treated compared with untreated cells, which were set at 100%.
Determination of Cell Growth. Cells were untreated or grown with doxycycline, FK506, and rapamycin alone, or in combination (i.e., doxycycline plus FK506 and doxycycline plus rapamycin). Cells were counted in triplicate in a Neubauer chamber, excluding dead cells by trypan blue staining. Alternatively, cellular Quantification of Protein Expression Levels. Daisy cells were grown in the presence of 0.5 g͞ml doxycycline for 7 days. Doxycyclinetreated and untreated cells were simultaneously prepared for PowerBlot analysis (Becton Dickinson), which determined in three runs the expression levels of 750 different signal-transducing proteins by immunoblotting with mouse mAbs and computerized processing of the densitometric data (for details, see www.translab. com͞TOC.shtml). Protein expression changes were confirmed in our laboratory in at least five independent experiments. After Western blotting, bands were quantified (Molecular Analyst, BioRad) and normalized to HSP70 protein levels. Results are given as percentage of normalized densitometric data of treated-cell samples compared with untreated controls (100%).
Results
Cloning of a Jurkat-Derived T Cell Line Inducibly Overexpressing FAP48. To characterize the biological role of FAP48 in cello, an inducible expression system based on the tetracycline-responsive operon (20) was used to generate a stably transformed cell line. As a cellular host for the inducible expression of FAP48, we chose Jurkat T cells because this cell line has been extensively used as a model system in studies on FK506 and FKBPs. Moreover, FAP48 was originally isolated and cloned from this cell line (18) . The commercially available Jurkat tet-on cell line that expressed the reverse tetracycline-controlled transactivator was stably transfected with the pTRE2-His-FAP48 vector. Screening gave one clone named ''Daisy,'' which under basal conditions expresses a moderate level of endogenous FAP48 compared with that of endogenous FAP68 isoform (Fig. 1, lane  1) . However, treatment with doxycycline resulted in a marked increase of recombinant FAP48 protein expression. induction of FAP48 in Daisy cells is about 5-fold, as determined by densitometric analysis.
FAP48 Binds FKBP52 in the Absence of Immunosuppressive Drugs in
Daisy T Cells. To confirm the specific interactions between FAP48 and FKBP52 or FKBP12 in cello, coimmunoprecipitation assays using lysates of Daisy cells induced by doxycycline were carried out with the anti-6-His mAb that specifically recognizes recombinant FAP48. Fig. 2A shows a Western blot that was revealed by the anti-FKBP52 pAb 173 and indicates that FKBP52 coprecipitates with recombinant FAP48. In parallel, the anti-FKBP52 mAb EC1 coprecipitates FAP48 when detected by the antiserum 766 (Fig. 2B) .
Because FK506 and rapamycin have been shown to prevent association between FAP48 and FKBP52 (18), we tested whether the interaction between FAP48 and FKBP52 in Daisy cells induced by doxycycline could be blocked by the immunosuppressive drugs. When FK506 or rapamycin were included during precipitation with mAb EC1, no interaction could be detected between FAP48 and FKBP52. As shown in Fig. 2C , the immunosuppressive drugs prevent the binding of FAP48 to FKBP52 in a dose-dependent manner, and 100 nM FK506 or 1 M rapamycin was sufficient to abolish the binding of FAP48 to FKBP52.
The anti-6-His mAb precipitates were also analyzed with an anti-FKBP12 Ab by Western blotting. Although FKBP12 was easily detectable in whole-cell lysates of Daisy cells induced by doxycycline, we could never detect its presence in the precipitates, not even by raising the amount of protein to 2 mg or by precipitating overnight (data not shown).
Effect of FAP48 on IL2 Production. To date, the mechanism of action of FK506 is mainly explained by the formation of a complex between FKBP12 and FK506, which binds to and inactivates calcineurin, and subsequently impairs NFAT-dependent gene expression (3, 7) . Keeping in mind that the absence of FKBP12 in the anti-FAP48 immunoprecipitates (results cited above) does not necessarily exclude the association of these two proteins in the cell, we investigated the influence of FAP48 on the phosphorylation status of NFAT1. Unlike the FK506 effect used as positive control for this assay, the overexpression of FAP48 had no influence on the phosphorylation status of NFAT1 (data not shown).
Besides the calcineurin-dependent mechanism, a calcineurinindependent activation pathway mediated by JNK and p38 is involved in the immunosuppressive effect of FK506 mediated by FKBP (8) . We were therefore prompted to study the activation of JNK and p38 in Daisy cells. Under experimental conditions used (doxycycline induction over 7 days for p38 and from 4 to 10 days for JNK), we could never observe a change in the phosphorylation pattern of either JNK or p38 (data not shown).
With the inhibition of IL2 production by FK506 being the final outcome of the activation steps blocked by FK506, we checked whether overexpression of FAP48 in activated Jurkat T cells could influence the IL2 production. Daisy cells were induced by doxycycline to overexpress FAP48, synchronized at the G 0 -G 1 phase, and subsequently stimulated with PMA plus ionomycin. Jurkat tet-on cells were treated the same way because tetracyclines have been described as inhibiting IL2 secretion (26) . The addition of doxycycline to Jurkat tet-on cultures diminished IL2 secretion to 62 Ϯ 9% compared with untreated control cells, which were set at 100% (Fig.  3A) . In contrast, the addition of doxycycline to Daisy cells led to an IL2 production of 128 Ϯ 18% and 220 Ϯ 35% after 6 and 8 days of doxycycline treatment, respectively (IL2 secretion of untreated Daisy cells was at 100%). Because of the immunosuppressive effect of doxycycline, the increasing effect of FAP48 on IL2 production should be considered to be even higher than shown here. Stimulating FAP48-overexpressing Daisy cells in the presence of excess rapamycin (1 and 5 M), which itself has no effect on IL2 production (27) , decreases the amount of secreted IL2 in our system (to 25% and 40%, respectively) (Fig. 3B ). This finding indicates that it is the FKBP-FAP48 complex that mediates the increase of IL2 release.
Antiproliferative Effect of FAP48. An antiproliferative effect of FK506 in mature T cells and in EL4 cells lines has been described (28, 29) . The antiproliferative effect of rapamycin has also been extensively studied. Rapamycin complexed with FKBP12 interacts with FRAP (30-33) and inhibits or delays G 1 -S-phase cell cycle progression in mammalian cells. Thus, we investigated the biological consequences of FAP48 overexpression on cellular proliferation and growth arrest. Cellular proliferation was measured by simple counting or by using an MTT assay in Daisy cells induced by doxycycline or not. After 2 days of doxycycline induction, no significant difference in cellular growth between induced and noninduced cells was apparent. However, after 7 days of treatment with 0.5 g͞ml doxycycline, overexpression of FAP48 led to an inhibition of proliferation of Ϸ40% compared with parental cells (Fig. 4) . Long-term proliferation assays of Daisy cells up to 14 days of treatment with doxycycline did not lead to a further decrease of cellular proliferation compared with noninduced cells (data not shown). A possible antiproliferative effect of 0.5 g͞ml doxycycline was assessed in Jurkat T cells and was found nonsignificant (data not shown). Also, a possible cytotoxicity of FAP48 overexpression in Daisy cells was excluded by trypan blue staining (data not shown).
In the same way, Daisy cells were incubated with 100 nM FK506 in the presence or absence of doxycycline over 7 days. As shown in Fig. 4B , 100 nM FK506 inhibited the proliferation of Daisy cells in a way similar to that of FAP48 (Ϸ26% inhibition by FK506, Ϸ40% by FAP48), and a potent additive effect of FK506 was observed in FAP48-overexpressing cells (65% inhibition). Fluorescence-activated cell sorter experiments carried out with Daisy cells overexpressing FAP48 or treated with FK506 or both proved that cell cycle progression was not affected and also excluded a possible apoptotic effect of FAP48 and FK506 in this biological system (data not shown). That FAP48 plus FK506 has an additive antiproliferative effect (Fig.  4B) suggests that FAP48 free from FKBP is the antiproliferative effector.
Next, we tested the effect of rapamycin and FK506 on the growth arrest of Daisy cells. As expected, 10 nM rapamycin inhibited the cellular proliferation but, unlike FAP48, the effect of rapamycin was fast: only 72 h of treatment with 10 nM rapamycin led to a complete growth arrest (Fig. 4A) . We examined the phosphorylation status of p70s6 kinase, whose activation is blocked by rapamycin (reviewed in refs. 34 and 35), in Daisy cells induced by doxycycline. In contrast to a rapamycintreated control, the phosphorylation pattern of p70s6 kinase in FAP48-overexpressing cells was unchanged (data not shown). This result suggests that FAP48 is not involved in the mTOR signaling pathway.
Identification of FAP48 Molecular Targets. To identify the molecules that mediate the signals initiated by FAP48, protein changes caused by overexpressed FAP48 in Jurkat T cells were investigated by proteomics. Lysates of untreated or doxycycline-treated (for 7 days) Daisy cells were screened by using a large panel of different mAbs. Some major alterations were identified, namely a down-regulation of the expression of ASS, which is involved in the urea cycle to generate arginine (reviewed in ref. 21 ). Fig. 5A shows that ASS protein expression is down-regulated by overexpressed FAP48 in Daisy cells (75 Ϯ 16.7% expression level compared with that in untreated cells, which were set at 100%). Likewise, FK506 diminished ASS levels to 47 Ϯ 4.9% in Daisy cells and an additive effect was obser ved in FA P48-overexpressing cells after treatment with FK506 (downregulation to 36 Ϯ 9.6%). In Jurkat tet-on cells, the expression of ASS was increased by doxycycline to 156 Ϯ 21.6% compared with untreated cells (100%), whereas it was blocked by FK506 at a level comparable to that in Daisy cells (down-regulation to 26 Ϯ 7.8%; down-regulation by doxycycline plus FK506 to 70 Ϯ 9.5%). Because of the up-regulating effect of doxycycline itself on ASS expression levels, the blocking effect of FAP48 can be considered to be even higher than demonstrated here.
The other protein whose expression is modulated by the overexpression of FAP48 is Mxi1, a member of the family of transcriptional repressors of Myc (reviewed in ref. 22 ). Fig. 5B shows that in Daisy cells, Mxi1 expression levels were increased approximately 3-fold by overexpressed FAP48, although they were not significantly affected by FK506. Doxycycline itself has no significant influence on Mxi1 protein levels as determined in Jurkat tet-on cells.
Discussion
In the present study, we provide evidence for an implication of FAP48 in the activation of T lymphocytes and for its antiproliferative properties. The involvement of target molecules in the signaling pathway of FAP48 is discussed.
The Complex FKBP52-FAP48 Is Present in Jurkat T Cells. We confirm by coimmunoprecipitation studies that FAP48 interacts with endogenous FKBP52 in Jurkat T cells. This interaction is highly specific because it can be disrupted by the immunosuppressive drugs FK506 and rapamycin in a dose-dependent manner (Fig.  2) . Surprisingly, we could not detect a complex of FAP48 and FKBP12 by coimmunoprecipitation experiments. This result could, of course, reflect the incapacity of FAP48 to associate with FKBP12 in Jurkat T cells. However, other possibilities for explaining the apparent discrepancy between the present results and the experiments carried out in the yeast two-hybrid system or with classical in vitro biochemical assays should be considered. (i) Experiments in the yeast two-hybrid system, which we used to demonstrate the interaction between FAP48 and FKBP12 (18), are highly sensitive and able to detect low-affinity proteinprotein interactions. (ii) Alternatively, FAP48 may have a higher affinity for FKBP52 than for FKBP12, leading to a low amount of FAP48-FKBP12 complexes that are not detectable in coimmunoprecipitation assays. (iii) The lack of coprecipitated FKBP12 protein might also be due to the use of inappropriate antibodies, or to the fact that the antibodies used during the coimmunoprecipitation assays could mask or modify the binding site of FAP48 for FKBP12.
Regulation of IL2 Synthesis by FAP48. As already mentioned, the transcription of the IL2 gene in activated Jurkat T cells is inhibited by FK506. In this study, we found that FAP48, unlike FK506, does not affect the calcineurin-dependent NFAT signaling pathway and that FAP48 is not implicated in the activation of JNK and p38, as is FK506 (results not shown). In contrast, we show that the overexpression of FAP48 significantly augments the secretion of IL2 by PMA͞ionomycin-activated T cells (Fig. 3A) .
Additionally, in our system, we show that rapamycin decreases the production of IL2 in FAP48-overexpressing cells (Fig. 3B) , indicating that it is not FKBP-free FAP48 but rather the FAP48-FKBP complexes that are responsible for this effect. This result suggests that the FAP48-FKBP complexes are involved in the control of IL2 synthesis in activated T cells. The administration of immunosuppressive drugs breaks up the complexes and the elevated production of IL2 is disturbed. This would seem to be a novel aspect of the mechanism of action of immunosuppression by FK506. The apparent antagonistic effect of FK506 on the function of FAP48 would therefore include (i) disruption of the increased production of IL2 in response to antigen and (ii) complete inhibition of IL2 synthesis by means of inhibition of the calcineurin͞NFAT pathway (Fig. 6) .
From these results we hypothesize that FAP48, when complexed to FKBP, could prevent associations between FKBP and other proteins that are nonproductive for the cell. It has been reported that in the absence of exogenous ligand, FKBP12 interacts with and modulates calcineurin activity, and that the immunosuppressant FK506 enhances preexisting immunophilin-calcineurin complexes (36) . In this context, we can imagine that FAP48 could interfere in the formation of the complex between calcineurin and FKBP12 to prevent their association, thus leading to an optimum immune response of T cells. Antiproliferative Effect of FAP48. In addition to the involvement of FAP48 in the activation of Jurkat T cells, we show that its overexpression in Daisy T cells causes a marked inhibition of cellular proliferation (Fig. 4) . In addition, we observe that 100 nM FK506 inhibits the proliferation of Daisy T cells at a level similar to that of the inhibition by FAP48. This effect is increased by FAP48 overexpression (Fig. 4B) , suggesting that it is not the FAP48-FKBP complex that mediates this effect but rather FAP48 dissociated from FKBP by FK506. These antiproliferative effects cannot be explained by changes in the cell cycle because the antiproliferative effect is slow, and no modulation of the expression level or the phosphorylation status of several key players in the control of eukaryotic cell cycle, such as p27͞kip1 or pRB, was observed in our system (U.K., unpublished results).
The possibility that FAP48 acts in a signal transduction pathway targeted by rapamycin can be ruled out, because the activation of p70s6 kinase, which is blocked by FKBP12-rapamycin through mTOR, is not modulated by the overexpression of FAP48 in Daisy cells (results not shown). Interestingly, it has been reported that FAP68, unlike FAP48, stimulates p70s6 kinase (19) . This observation suggests that these two FAP targets of FKBPs might be involved in different cellular signaling pathways.
Molecular Mechanisms Implied in the Biological Effects of FAP48.
In search of a molecular mechanism mediating the biological effects of overexpressed FAP48 in Daisy T cells, we found that at least two proteins are involved in the FAP48 signaling pathway. In the present study, we show that Mxi1 protein expression levels are up-regulated by overexpressed FAP48, whereas FK506 apparently had no such effect (Fig. 5B) . A role of Mxi1 in the control of proliferation in a transfected glioblastoma cell line and in lymphocytes has been described, leading to Mxi1 being considered as a tumor suppressor molecule (37, 38) . However, the additive effect of the combination of overexpressed FAP48 plus FK506 on cellular proliferation could not be explained by Mxi1 alone, because FK506 does not seem to influence Mxi1 protein expression levels. ASS is another candidate mediating the biological effects of FAP48. ASS synthesizes the amino acid arginine in the urea cycle. Here we show that both overexpressed FAP48 and FK506 inhibit the expression level of ASS (Fig. 5A ) and we observe a good correlation between expression levels of ASS and proliferation inhibition with FAP48 and͞or FK506. Therefore, we suggest that in unstimulated T cells, FAP48 and FK506 may exert their antiproliferative effects partly by means of a decrease of ASS protein levels leading to a decreased amount of the arginine for the synthesis of newly required proteins.
Conclusion
To sum up, we provide evidence that the FKBP endogenous ligand FAP48 exerts different biological effects in T cells. In unstimulated T cells, free FAP48 regulates cellular proliferation possibly by down-regulating ASS with a resulting lack of arginine for protein synthesis and by up-regulating the tumor-suppressor molecule Mxi1. In activated T cells, the FAP48-FKBP complexes up-regulate IL2 synthesis. Additional studies are required to identify which FKBP when complexed with FAP48 is involved in the increase of IL2 secretion and to assess the possible role of ASS and Mxi1 as mediators of the biological effects of FAP48. The results presented here suggest that FAP48 could be implicated in the control of the immune response and exert an antigrowth function.
